We overview our experimental work on exciton self-trapping in simple organic molecular crystals. First we show pressure-induced change in the exciton-phonon interaction, indicating that the interaction depends strongly on the intermolecular distance, and then we demonstrate the experimental results and compare them with theoretical results on the the exciton-phonon coupling constants, presence of the self-trapping barrier, intermediate self-trapped exciton states, the radiative annihilation of excitons at the exit of the self-trapping tunneling process, exciton direct self-trapping rate and direct self-trapping path. Most part of this paper is devoted to show exciton relaxation processes visualized in time-resolved luminescence in Pyrene.
INTRODUCTION
Excimers in organic materials were first addressed by Ferguson for excited-and-unexcited pair molecules in solids (1). Then the concept was widely used to understand a broad Gaussian luminescence band found in dimeric crystals such as pyrene and alpha-perylene in which each lattice point is occupied by a pair of molecules. Excimers are currently recognized as a sort of self-trapped exciton. The theory of interaction between electron and phonons was first developed by Landau (21, and then it was extended to the problem of excitons by several theorists (3)(4)(5)(6). Toyozawa (4) formulated a plain theory considering exciton-acoustic phonon interaction in solids, which provides a double well potential composed of a free and a self-trapped exciton states. In analysing exciton behavior in strong exciton-phonon coupled systems, it is very important to recognize the presence of the self-trapping barrier which separates free and selftrapped states.
EXCITONIC STATES Intermolecular Distance and Exciton-Phonon Interaction
Simultaneous observation of free and self-trapped exciton luminescence in strong exciton-phonon coupled systems was first suggested by Nishimura and achieved by Luschick in alkali-iodides (7) . In organic solids simultaneous observation was first done in pyrene in 1980 ( 8 ) , and later in alpha-and beta-perylene crystals (9)(10).
Interestingly, alpha-and beta-perylene crystals are both composed of the same kind of species, perylene molecules, and differ in crystal structure only. The self-trap depth, the energy dif erence between the free and the self-trapped states, is sha low (15 cm-f) in beta-perylene but it is deep in alpha-perylene (650 c m -' 1 .
The self-trap depth is in good correspondence with the magnitude o f the exciton-phonon coupling constant g (11)(12), which is 1.09 in beta-perylene and 1.61 in alpha-perylene (13) . This relationship between g and the self-trap depth strongly suggests that if the exciton-phonon interaction is strong, excitons are self-trapped deeply.
Since the intermolecular distance in beta-perylene is much larger than in alpha-perylene, it suggests that the magnitude of the exciton-phonon interaction g depends on the distance between the nearest neighbor molecules. Fig. 1 , where d is the shortest intermolecular center-to-center distance in a crystal and d// is the interplaner distance between the nearest plane parallel pair molecules.
We will use the value of d// for dimeric crystals, for instance pyrene or alpha-perylene, or for crystals in which the nearest molecules are oriented parallel to each other, for instance in coronene (14) and beta-dichloroanthracene.
In Fig.   1 , the magnitude of g is found to be smaller than unity in phenanthrene (15) , anthracene (16) and tetracene (17) . On the other hand, in pyrene (18), alpha-and beta-perylene, coronene (19) and beta-dichloroanthracene ( beta-DCA) ( Z O ) , g is larger than unity and self-trapped exciton luminescence was observed in these crystals. This relationship also implies that if one apply pressure to a crystal, one can change the exciton-phonon coupling constant. Sharp luminescence spectrum of anthracene at 1 . 5 K changes to broad luminescence band at high pressures (211, indicating that exciton-phonon coupling constant increases with pressure. Similar data are obtained for phenanthrene (22) and tetracene ( 2 3 ) .
Contrary to these crystals, the couping constant in pyrene ( 2 4 ) and alpha-perylene crystals (25) decreases as expected.
In aromatic molecular crystals the self-trap depth ESF is at most 1500 cm-I ( -0 . 2 eV) and subsequently at room temperature free excitons are in thermal equilibrium with the self-trapped excitons. One can, therefore, estimate the self-trap depth from temperature dependence of the intensity of free exciton luminescence. Once one obtains the magnitude of the self-trap depth, one can derive the exciton band width 2B using g and values as 2B = (2EsF / ( g-1) ) . This relationship is very significant?; crystals with g > 1, because one can determine the exciton band width experimentally.
Numerical data reported are summarized in Table I . So-called excimers are illustrative of the deep self-trapped excitons. in pyrene and alpha-perylene crystals As we have seen above, the selftrapped excitons are formed when intermolecular distance is favorable for self-trapping, several molecular conformations are likely for each crystal (29) to exhibit self-trapping. The presence of two types of self-trapped excitons have been reported for crystals such as beta-perylene(30), betadichloroanthracene (19) , pyrene and alpha-perylene (31) . In particular shallow self-trapped exciton states, V and Y states which are stable in pyrene and alpha-perylene respectively below 60 K have been studied in detail(30)(31)(32) (33) .
To make discussion simple in this paper we will not discuss excitons in the systems with the intermediate self-trapped state. In the next chapter, we will discuss exciton relaxation processes in crystals which show only one type of self-trapped exciton state.
EXCITON RELAXATION PATHS Direct and Indirect Self-Trapping Processes
In general, photogenerated excitons in a strong exciton-phonon coupled system can relax to the self-trapped exciton state via two channels. Some of them relax via the bottom of the free exciton band and others relax directly to the self-trapped exciton state without passing the free exciton band bottom. We shall call the former channel as the indirect and the latter as the direct.
While in some materials the indirect process is dominant, while in other materials the direct process is favoured.
F o r example, in Poly(phenyleneviny1ene) all of the photogenerated excitons relax indirectly (341, but in pyrene in the low temperature phase only the direct process occurs when the photon energy for excitation is larger than the top of the self-trapping barrier (35) . In pyrene in its high temperature phase, an intermediate situation is observed: The direct and indirect processes compete.
Recent picosecond spectroscopic techniques visualize exciton relaxation proceses. In what follows, we will discuss the direct and indirect exciton relaxation processes in pyrene in the high temperature phase above 140 K, at which a structural phase transition occurs. In Fig. 2 , the adiabatic potential energy curve appropriate for pyrene in the high temperature phase is shown schematically, together with additional information that we will need later.
Before we discuss the direct and indirect processes, we discuss excitons that annihilate radiatively while they slip down the adiabatic potential energy curve. Nasu (36) suggested that optical transition probablity from Evidence for Direct Self-Trapping To see exciton relaxation paths before they reach point T we have excited a pyrene crystal at two photon energies, 355.6 (28121 cy-")and 376 nm (26600 cm-l), and monitored luminescence at 400 nm (25000 cm-1 .
The luminescence monitored at 400 nm (25000 c m -' ) provides information on the direct and indirect relaxation process depending on the excitation wavelength.
For excitation at 355.6 nm (28128 cm-l), excitons are generated well above the band bottom. The luminescence monitored at 400 nm for this excitation includes three kinds of luminescence. One of which is due to exciton that relax directly towards the self-trapped exciton state. This must provide fast decay component. The rest of 400 nm luminescence occurs due partly to excitons that relax first to the free exciton band bottom and they cross over the barrier, and partly due to excitons that annihilate radiatively from the free exciton band bottom to a vibrational level of the ground state. Three kinds of these luminescence processes are shown in Fig. 2(a) , (b) and (c).
wavevector k=O are generated because he bottom of the free exciton band bottom is located at 376 nm (26600 ern-'). In this case, the luminescence monitored at 400 nm (25000 cm-l) does not include luminescenced due to direct self-trapping of excitons. exciton-Dhonon L --------interaction systems, and used for pyrene at room temperature; -The letter ' F ' shows the free exciton b y ? bottom and the l e t t e r S the s e 1 f--t ra-p e d e xc i ton state. Direct and indirect. relaxation paths toward the self-trapped exciton state are indicated. The timeresolved luminescence s ectrum shown is obtained at 140 k. Fig. 3 Luminescence decay curves measured at 140 K and mon'tored at 400.0 nm (25000 cm-1).
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(a) : Luminescence decay excited at 376.0 nm (26600 cm-').
The decay curve shown at the bottom is an excitation light pulse. The decay time T~ shown was obtained by convolution analysis. (b) Luminescence decay monitored at 355.6 nm (28120 crn-l) . Af and AS are respectively the amplitude of the fast and slow decay components.
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The decay curves monitored at 400 nm at 140 K are shown in Figs. 3 (a) and (b). For excitation at 376 nm, only a slow decay of 6 3 ps is observed but for excitation at 3 5 5 . 6 nm two decay components, 4 and 59 ps were found, indicating that both direct and indirect processes occur for high energy excitation. The fractional intensity of the fast decay is plotted in Fig. 4 as a function of the excitation photon energy.
Revised Potential Energy Curve
The adiabatic potential energy diagram shown in Fig. 2 is too simple to discuss exciton relaxation processes in pyrene with the fractional intensity shown in Fig. 4 , because it includes only the lowest (singlet) exciton band, although Fig. 2 is very convenient to discuss gross features of excitonic states in aromatic crystals as in Section 11, where we have treated excitons that have relaxed already to the free exciton band bottom or excitons in the self-trapped exciton state, it is not adequate to discuss the propaties of excitons immediately after their photogeneration. Revised adiabatic pofential energ curve in which the seyf -traDDed exciton state is relatgd-to the sewnd singlet excited state, I L 'F'-and ' S ' are res ecti%el the free exc&on band gottom and the self-trapped exciton state
The exciton-phonon coupling constants shown in Table I imply implicitely that they are different crystals and the interaction between excitons and phonons depends basically on individual electronic states of a crystal. Therefore, for precise discussions, we should use the exciton-phonon coupling constant which, as states above, depends on individual excitonic states.
It may sometime happen that the coupling constant is larger than unjty for one electronic state but smaller than unity for other state. A typical example is coronene crystals at low temperatures, in which the self-trapped exciton state is related to the second excited singlet state and the self-trapped state is located in energy above the lowest excition state ( 3 7 ) . discussed below. The idea of defining the coupling constant associated with an electronic (excitonic) state has originally been pointed out by Azumi ( 3 8 ) and later experimentally by Nozue ( 3 9 ) . Nozue has shown that in pyrene g < 1 for the lowest exciton band and g > 1 for the second exciton band. The self-trap depth for the second exciton band is very deep and consequently the lowest point of the self-trapped exciton state is located well below the lowest exciton band, which is shown schematically in Fig. 5 .
The optical trasition from the ground state to the lowest singlet state
is forbidden in pyrene. Therefore, the exciton band width ( 2 B 1 of the lowest exciton state is very narrow. The second excited state ( La) is also a forbidden state but it has a wide exciton band because it is a Another similar example is that of pyrene crystals which will be 434 A. H. MATSUI mixed state with an allowed state located near the second forbidden state. As the exciton-phonon coupling is strong for this second forbidden state, excitons get self-trapped deeply as we have mentioned above.
We are now ready to discuss the excitonic relaxation processes using a revised potential energy curve, which is shown in Fig. 5 . The direct self-trpping rate, superposed on the adiabatic potential energy curve shown in Fig. 5 , is shown by the dot-dashed curve in Fig. 6 . It is clear from Fig. 6 that the direct self-trapping rate, (If/(If+Is)), is large at the excitation photon energy near the lLa band bottom, and at an energy near but below the top of the self-trapping barrier. The direct selftrapping rate is zero for excitation at the ' $ , band bottom. These results provide a clear evidence that the direct self-trapping rate is related to the electronic excited state. who suggested that the maximum rate is obtained at half of the selftrapping barrier height. Although his theory is developed for 0 K, but the experiments are done at higher temperatures, his theoretical result is quite consistent with our observation that the direct self-trapping rate, (If/(If+Is)), is large at around the half height of the self-trapping barrier.
He also suggested that an increase in optical transition is expected at the photon energy where direct self-trapping occurs. Fig. 7 The direct self-trapping rate in pyrene was calculated by Abe ( shows luminescence spectra below 110 K for supercooled pyrene (high tem erature phase). There is an luminescence band located at 372nm (26880 cm-').
Its intensity increases upon decreasing the crystal temperature. This luminescence band is located at 220 cm-' above the lowest exciton band marked F. As the self-trapping barier height is 300 cm-' for this crystal, the new luminescence band at 372 nm (26880 cm-') is probably related to the direct self-trapping. It may also be mentioned here that the intensity of the lowest exciton luminescence band located at 376 nm (26660 cm-') decreases with decreasing temperature because it is an optically forbidden band.
theoretically by Ioselvich and Rashba (41) . Their theory has been confirmed by an experiment. Fig. 8 shows temperature dependence of the direct self-trapping rate for the excitation at 372.0 nm (26880 cm-l), which is nearly equal to the photon energy at the top of the self-trapping barrier height. The direct self-trapping rate decreases as the temperature is reduced. That means at lower temperatures the number of excitons that reach the 1Lb band bottom increases.
Temperature dependence of self-trapping rate has been studied Excitonic processes in aromatic molecular crystals So far we have discussed excitons that are generated by specific photon energies. To see what happens for excitons with large kinetic energies, hot luminescence has been measured for an excitation at 3 4 2 . 4 nm (29206 cm-'), which corresponds to the photon energy well above the free exciton band bottom. The luminescence decay was monitored at several photon energies in the picosecond time regime.
The decay curves, shown in Fig.  9 , consist of two components.
The intensities (the amplitude multiplied by the decay time) are shown in Fig. 10 . Solid circles show the intensity of the fast decay of 4 ps and open circles show that of the slow decay of 35 ps.
The energies at the barrier top and the exciton band bottom are shown by arrows.
The fa t decay components have been observed in the range between 365 (27937 cm-B ) and 374 nm (26738 cm-l) . The intensity of the fast component was independent in this wavelength range. When all of the phtogenerated excitons relax to the free exciton band bottom, the intensity of the fast decay component must increase as the monitoring wavelength reaches the band bottom energy, because the number of phonons that scatter excitons increases near the band bottom.
However, the observed fact does not agree with this expectation, because it is found to be independent of the wavelength. This result is interpreted in terms of exciton relaxation paths: Most of photogenerated excitons relax directly towards the selftrapped exciton state via various paths and the number of excitons that relax towards the band bottom reduces gradually at the expense of the direct self-trapping. What we have suggested here is shown schematically in Fig. 11 .
In Fig. 10 , the slow decay component of about 35 ps appears near the band bottom.
This shows that excitons which relax close to the band bottom are thermalized. The time of about 35 ps is the time required for exc'tons to cross over the self trapping barrier, whose height is about 300 cm-1 .
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